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Abstract: We examine several different features of DSDs based on data and observations from two
mid-latitude coastal locations: (a) Delmarva peninsula, USA, and (b) Incheon, South Korea. In each
case, the full DSD spectra were obtained from two collocated disdrometers. Two events from loca-
tion (a) and one event from location (b) is presented. For (a), observations and retrievals from
NASA’s S-band polarimetric radar are included in the analyses as well as retrieved DSD parameters
from the dual-wavelength precipitation radar onboard the Global Precipitation Measurement satel-
lite. For (b), the disdrometer based DSD data are compared with measurements from another sensor.
Our main aim is to examine the underlying shape of the DSDs and its representation by the gener-
alized gamma model.

Keywords: rain drop size distributions, generalized gamma model, underlying shapes

1. Introduction

Numerous studies relating to the characterization of rain drop size distributions
(DSD) have been conducted in the past several decades. One of the oldest and the most
well-known example is the Marshall-Palmer model [1] which was based on measurements
in stratiform rain in Montreal and modelled in the form of an exponential distribution.
Later, Ulbrich [2] used the 3-parameter gamma distribution to represent the measured
DSDs over shorter time scales, such as a few minutes. Since then, the gamma distribution
has been extensively used by countless number of researchers to model DSD measure-
ments (e.g., [3], [4], and [5]). Data include measurements from various types of disdrom-
eters such as Joss-Waldvogel disdrometer [6], Parsivel [7], 2D video disdrometer [8], [9],
and optical disdrometer ODM470 [10], [11] as well as those retrieved from dual polariza-
tion radars [12], [13] and from dual frequency weather radars [14], [15]. There are also
other distributions such as log-normal and Weibull distributions for representation of
DSDs but often they are used for evaluation of radiowave propagation effects on micro-
wave and millimeter wave communication links [16].

More recently, the generalized gamma (G-G) model was introduced [17], [18] for
DSD analyses. It was shown that the other models used for DSDs were subsets or limiting
cases of the G-G model. In a very recent review paper [19], the history of the DSD repre-
sentation was presented especially using functional forms ranging from exponential and
gamma models to generalized gamma models. and their normalization, for example, un-
normalized, single- and double-moment scaling normalized versions.
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The G-G model can be formulated in terms of two reference moments [Mi, Mj] and
an underlying shape function, h(x). Details of the formulation can be seen in [18]. Varia-
bility of h(x) has also been examined [20]; they show that it is sufficiently invariant, de-
pending on the reference moments, for stratiform rain. A large database of DSD measure-
ments from several different locations was used. Thurai et al. [21] extended this further
using datasets from two different locations. They used [Ms, Ms] as well as [Ms, Ma4] as
reference moments. For both cases, h(x) was found to be relatively stable but with signif-
icant spread.

In this paper, we examine three further events from two mid-latitude coastal loca-
tions in two different continents, namely Delmarva peninsula, USA, and (ii) Incheon,
South Korea. In each case, 3-minute disdrometer measurements have been used for the
analyses. Two events from the first location and one event from the second location are
presented. Though the main aim is to examine the underlying shape of the DSDs and its
representation by the generalized gamma model, we also consider a few other aspects of
the DSD measurements.

Figure 1 shows the two locations, marked as WFF (Delmarva) in blue and ICN (In-
cheon) in red. The other two locations referred to earlier, are also shown: Greeley, Colo-
rado, (GXY in green) and Huntsville, Alabama (HSV in purple). They have also had sim-
ilar long-term measurement program; data from these two locations have been analyzed
previously [22].2. Section (Heading 1)

Figure 1. Locations of the two mid-latitude coastal locations: WEF in blue denotes the location at
Delmarva peninsula and ICN in red denotes the location at Incheon. The green and the purple points
represent Greeley, Colorado, and Huntsville, Alabama respectively.

2. Instrumentations and Data
2.1. Delmarva peninsula

The instrumentation site at Delmarva peninsula contains many types of disdrometers
and other rainfall measurement equipment. It is one of the ground-validation ‘super-sites’
for the rainfall measurements from the Global Precipitation Measurement satellite (GPM)
[23]. Amongst the instruments are (i) Meteorological Particle Spectrometer (MPS) [24] and
2D video disdrometer (2DVD) both installed within a 2/3rd scaled version of the DFIR
double wind fence [25]. Whilst the MPS provides accurate measurements of drop con-
centration of small and tiny drops, especially below 1 mm, the 2DVD was found to be
better suited for the larger size, i.e., 2 1 mm drop diameter. By combining the two sets of
measurements, it was possible to construct the ‘full’ DSD spectra. Several studies have
been conducted using such datasets from this location [26], [27]. The studies include DSD-
based separation of stratiform and convective rain as well as light rain. An S-band polar-
imetric radar (NPOL) [28], situated 37 km away from the instrument site, was used for
confirming the separation technique.

2.2. Incheon

In June 2021, the instruments for observing surface precipitation and cloud/precipi-
tation system from Kyungpook National University (KNU) was intensively installed at
Incheon weather observatory (ICO). The installed instrument from KNU includes various
types of distrometers such as 2DVD, POSS [29], [30], and PARSIVEL?2 as well as an X-band
vertically pointing radar (VertiX) [31], and K-band vertically pointing radar (MRR-pro)
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[32]. In addition, a weighing rain gauge (Pluvio 200) [33], 10 tipping bucket rain gauges 91
with 0.2 mm resolution (RG3-M), and an instrument for observing surface wind (USA-1) 92
was installed. As of June 2022, the MPS (the same optical disdrometer mentioned earlier) 93
has also been installed for observing more detail drop size distribution. As with the Del- 94
marva datasets, the full DSD spectra were constructed from 3-minute DSDs from the MPS 95
and the collocated 2DVD. 9%

3. Delmarva events 97

Two light stratiform rain examples from a very active 2020 Atlantic hurricane season 98
are presented. Both had coverage from the Global Precipitation Measurement (GPM) Core 99
Observatory satellite [34] that traversed over the Delmarva peninsula. The two events 100
have been included in a previous study [35] relating ground validation of GPM satellite 101
observations. 102

3.1. Event 1 103

For the first of these events, which occurred on 24 September 2020, the disdrometer 104
site captured light rain from the remnants of Tropical Storm Beta with borderline coverage 105
from GPM satellite radars. Figure 2(a) shows the values of the mass-weighted mean di- 106
ameter (Dm) estimated from the dual-frequency precipitation radar (DPR). The straight 107
lines represent the DPR swath across the Delmarva peninsula. The red dot marks the dis- 108
drometer site and the black cross shows the location of the NPOL radar, with the dotted 109
circles representing 50, 100, and 150 km coverage. At the disdrometer site, Dm values are 110
around 1 mm. The 1 km by 1 km gridded reflectivity data (dBZ) from the NPOL radaris 111
shown in panel (b). Reflectivity values are generally low, and less than 25 dBZ around the 112
disdrometer site. Panel (c) shows the histogram of Dm values derived from the NPOL grid- 113
ded data using the equation used previously for light-rain [36]. Finally, panel (d) shows 114
the variation of Nw (normalized intercept parameter) versus Dm derived from the DPR 115
measurements (in orange) during the satellite overpass. The green arrow shows the range 116
of values from NPOL. They show values less than 1.3 mm and are consistent with the 117
DPR-based Dn'’s. Also included in panel (d) are the Nw versus Dm variations derived from 118
3-minute DSDs (from MPS and 2DVD), and our stratiform-convective rain partition line 119
[27] shown as dashed black line. In both cases, stratiform rain is indicated for the whole 120
event. 121

3.2. Event 2 122

The second event, the remnants of Tropical Storm Zeta, was well sampled from the 123
ground and from space on 29 October 2020. The NPOL quasi-vertical profiles (QVP) [37] 124
indicate warm air advection with the approach of Zeta during the 17-19 UTC period. This 125
can be seen from Fig. 3: panels (a), (b), (c) and (d) represent the reflectivity, the differential 126
reflectivity, the co-polar correlation coefficient and the differential phase respectively. 127

The GPM overpass took place earlier at 07:37 UTC and in Figure 4(a) we show the 128
estimated Dm values from the GPM-DPR measurements. They are also low but in general 129
somewhat higher than the first event in Figure 2(a). The Nw versus Dm variation from the = 130
DPR are shown as orange points in Figure 3(b). Note some filtering has been applied by 131
taking into account the second digit of ‘typePrecip’ flag from the DPR product-list. Spe- 132
cifically, all pixels with values 8 or 9 have been omitted. The 3-minute DSD-based Nw 133
versus Dm are also shown (black points) together with the stratiform-convective separa- 134
tion line (dashed black line). Once again, in both cases, stratiform rain is indicated though 135
a few points lie close to the separation line. 136
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Figure 2. (a) The GPM DPR swath across Delmarva peninsula during the 24 September 2020 event
showing the estimated Dm (mm) values; (b) 1 km by 1 km gridded dBZ data from the NPOL radar
during the DPR overpass; (c) histogram of Dm estimated from NPOL; (d) Nw versus Dm from DPR
(orange) and from 3-minute DSDs (black). The red dots in panels (a) and (b) show the location of

the disdrometers.
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Figure 3. QVP from NPOL indicating warm air advection with the approach of Tropical Storm Zeta
on 29 October 2020. (a) Reflectivity; (b) Differential Reflectivity; (c) Copolar Correlation Coefficient;

(d) Differential phase.
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Figure 4. (a) The GPM DPR swath across Delmarva peninsula during the 10 October 2020 event 148
showing the estimated Dm (mm) values; (b) Nw versus Dm from DPR (range) and from 3-minute 149
DSDs (black). 150

4. Incheon event 151

The event analyzed was a stratiform rain event with relatively thick bright-band 152
which occurred on 12 July 2022 commencing at 18:00 UTC. Observations from MRR-PRO 153
located at the same site as MPS, 2DVD, and POSS are shown in Figure 3. Panel (a) shows 154
the reflectivity-height profile, panel (b) the corresponding Doppler mean velocity, and 155
panel (c) the spectral width. The melting layer at around 5 km is visible in all three panels 156
for the entire 6 hours (i.e., from 18:00 to 24:00 UTC). Shown in panels (d) and (e) are the 157
height profiles of reflectivity and Doppler velocity respectively from the VertiX radar for 158
22h UTC. The melting layer is clearer, both from the enhanced reflectivity around 5 kmas 159
well as the sharp increase in the Doppler mean velocity from the snow region down to the 160
rain region. 161

3-minute DSD spectra from 2200 to 2300 h UTC were constructed from the MPS and 162
the collocated 2DVD measurements. They were compared with data from a Precipitation 163
Occurrence Sensor System (POSS), also collocated. Figure 6 shows the comparisons from 164
2200 to 2300 h UTC. Overall, good agreement is obtained attesting to the high data quality = 165
of the three disdrometers each with very different designs. Note also that POSS has much 166
larger sampling volume that the other two disdrometers. 167
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Figure 5. Observations of height profiles from MRR-PRO for the 12 July 2022 event: (a) dBZ; (b) 169
Doppler mean; (c) Spectrum width. Observations of height profiles from VertiX for the same event 170
but shown only for 22h UTC: (d) X-band dBZ and (e) Doppler mean velocity. 171
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Figure 6. Comparisons of 3-minute DSDs from MPS-2DVD composite data (in black) and from POSS

(in red) for the 12 July 2022, 22 h UTC.

5. DSD Analyses

Our earlier studies using datasets from Greeley, Colorado, and Huntsville, Alabama,
showed that overall, the generalized gamma (G-G) model seems to capture the main fea-
tures of the measured DSD shapes throughout the whole spectra [22]. Suitability of the G-
G model was established for two pairs of reference moments, namely the 3rd and the 4th

moments, and the 3rd and the 6th moments.

In the three events considered here, the same was found to be the case. As an illus-
trative example, we show in Figure 7 three-minute DSD data from the Incheon event. The
MPS data are shown in black (used for D<1 mm) and 2DVD data shown in blue (used for
> 1mm). The red curves show the fitted G-G model. Excellent representation can be seen.

On the other hand, it is equally important to examine whether the measured DSDs
have similar underlying shape, often denoted by h(x), which is related to the DSD, N(D),

by the following;:

N(D)
Ng

h(x) =

where

D
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The n* moment, M, of the DSD is given by: 190
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Diaxbeing the maximum diameter. 191
To derive h(x) for a given (e.g., 3-minute) DSD, the following step-by-step approach 192
can be used: 193
194
i. For a given DSD, N(D), (say over 3 minutes), evaluate equation (5) to derive 195
the values of the two selected pair of moments (these could be, for example, 196
the third and sixth or third and fourth) 197
ii. Use equation (4) to derive Dn’. 198
iii. For a given diameter, D, derive x (which is the ‘scaled” diameter) 199
iv. Use equation (2) to derive No'. 200
V. For a specific D, use N(D) and the No’ from step (iv) to derive h(x) 201
vi.  Repeat for all diameters for a given N(D). This will provide one plot of h(x) 202
Versus X. 203

The process is repeated for all selected DSDs, and the underlying shape is obtained 204
using h(x) versus x. Panel (a) of Figures 8(a) and 8(b) show these plots for the two events 205
at Delmarva peninsula. The panel also includes the h(x) median curve derived from the 206
fitted G-G model to more than 3000 3-minute DSDs. The most probable [ucg, ] pair from 207
the fitted model was used to generate the black-dashed curve (see Figure 7a in [22]). What 208
is noticeable is that whilst the light rain event on 24 September 2020 (17 h UTC) shows 209
similarity with the black curve, the event on October 29, 2020 (07 UTC) shows deviation. 210
In particular, the ‘shoulder’ region around x=1 appears significantly more pronounced. 211
Similar deviation (though not as pronounced) was found for the Incheon event on 12 July =~ 212
2022 (22 h UTC), as shown in panel (b) of Figure 8. This could possibly indicate certain 213
types of drop break-up in the large drop region as well as coalescence of small drops being 214
more significant. Most of the other events, especially from Greeley and Huntsville, did 215
not seem to exhibit this behavior. 216

It is also worth noting that many of the events recorded at the Wallops site had DSDs 217
whose h(x) were in close agreement with our most probable (or ‘median’) h(x) from the 218
Greeley and Huntsville datasets. Two examples are shown in panels (c) and (d), one dur- 219
ing category-1 Hurricane Dorian (details of the analyses can be found in [26], and the other 220
was when remnants of storm Sally traversed the Wallops site. Both show the black curve 221
passing through the maximum intensity of the color scale plots. For the latter however, 1- 222
minute DSDs were used thus showing much thicker variation (i.e., larger spread) as one 223
would expect when the integration time is reduced. 224
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Figure 7. Four examples of 3-minute measured DSDs (MPS in black and 2DVD in red) and their 226
fitted G-G model curves for the 12 July 2022 event at Incheon. 227
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Figure 8. h(x) plots (a) for the two events in Delmarva peninsula using 3 minute DSDs; (b) same as 229
(a) but for the Incheon event; (c) for category-1 Hurricane Dorian over Delmarva peninsula on 6 230
September 2019, as color intensity plot (using 3-minute DSDs; (d) same as (c) but for remnants of 231
storm Sally on 17-18 September 2020 (using 1-minute DSDs). 232

5. Concluding Remarks 233

Out of the three events presented here two showed noticeable deviations from the 234
most probable (or median) underlying shape, h(x), of the drop size distribution. They 235
were both stratiform rain events and they were both in coastal, mid-latitude locations (and 236
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peninsulas). The third event, which one could categorize as ‘light-rain” event, showed 237
close agreement with our median h(x). 238
Other points to note from our results are as follows: 239

e For the light rain event at Delmarva peninsula, NPOL radar-based Dm values were 240

mostly in the range of 0.4 to 1.2 mm. 241
e This was consistent with the GPM-DPR based Dm estimates. 242
e Both DSD-based Nw versus Dm and from GPM-DPR were below the stratiform-con- 243
vective separation line. 244

e The second event from Delmarva peninsula (remnants of tropical storm Zeta) also 245
had Nw versus Dm from GPM-DPR as well as from DSD measurements below the 246

separation line (except for a few points which were very close to the line). 247
¢ D values for this event were in the 1 to 1.5 mm range. 248
e The event from Incheon in Korean peninsula had Dm values in the range of 0.9 to 1.6 249
mm, similar to the second event from Delmarva peninsula. 250
e 3-minute DSDs from the MPS and 2DVD combined spectra showed good agreement 251
with POSS-based 3-minute DSDs. 252

e Although the generalized gamma model seems to capture the main features of the 253
DSD shapes, the underlying shape for the two events which showed deviations in 254
terms of h(x) had fitted shape parameters different from the most-probable [ucs, c] 255
pair. 256

Regarding Nw versus Dm, one would expect some form of inherent/intrinsic correla- 257
tion because they are both dependent on the third and the fourth moments. Nevertheless, 258
as has been alluded to in some earlier studies (e.g., [3], [4], [27], [38]), where the points lie 259
in the Nw versus Dm domain as well as the ‘trend’ of the variation may well depend on 260
rain-types. 261

We plan to compare h(x) between stratiform rain events and convective rain events 262
(both deep and shallow), as well as light rain events from both locations. MPS, 2DVD, and 263
POSS datasets will be utilized. It should also be noted for the Incheon event considered 264
here, the MPS and 2DVD were not installed inside a wind-fence. For the 2023 summer 265
observation, both instruments will be moved to another nearby site and installed within 266
a full-scale DFIR. 267

Comparisons between Incheon and Delmarva datasets will also provide useful in- 268
sights into the similarities (or not) since they are both in coastal mid-latitude locations 269
located in peninsulas in two different continents (both peninsulas being on the east side 270
of the continents). 271
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